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SSummary

Z4Nhis report presents investigations of the effects of the toxin of

Rarillfl anthraria on phagocytic cells, and the biochemical reactions

associated with these effects. Ccmbinations of protective antigen (PA) plus

edema factor (EF), and PA plus lethal factor (LF) markedly stimulated

chemotaxis of human polymorhponuclear neutrophils (Pft), but had little effect

on random migration. These effects were accompanied by a marked inhibition of

the oxidative activity of these cells, as measured by a decrease in the

formation of chloramines. PA + EF, but not PA + LF, produced a small but

consistent increase .Ln 3'5'- adenosine monophosphate (cAMP) in F; the

levels of cAMP were markedly lower than those produced by Ph + EF in certain

tissue culture cells, and those produced by the adenylate cyclase of

• quDB±B in M. iU)or"c I I



Foreword

Citations of commrcial organizations and trade rames in this report do not

constitute an official Department of the Army endorsement or approval of the

products or services of these organizations.

For the protection of human subjects the investigator (s) have adhered to

policies of applicable Federal Law 45CFR46.
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Section I: Anthrax Toxin Components Stimulate

Chemotaxis of Human Polymorphonuclear Neutrophils

Inruction. Anthrax toxin consists of three protein components: protective

antigen (PA), edema factor (EF), and lethal factor (LF), each with a molecular

weight of approximately 80,000 (1). PA is the major antigen involved in

immunity to anthrax, and is the active component in non-viable anthrax vaccine

(2). Intravenous administration of LF + PA produces death in many species of

animals (3). EF + PA produces ednra when injected into the skin. The complete

toxin has anti~hagocytic and antibactericidal effects, and enhances the

virulence of attenuated strains of B. anthraci (4). Recently, it has been

found that EF is an adenylate cyclase, which is activated by a heat-stable

eucaryotic protein, caluxedulin (5). EF + PA produces high levels of adenosine

3'-5'monophoslphate (cAMP) in Chinese Hamster Ovary (CHO) cells (5).

Chemotaxis, the directed migration of cells along a chemical gradient,

has been studied extensively with polymorpthonuclear neutrophils (PMN) and

shomn to be a receptor-mediated process that involves assembly and

organization of microtubules and localization of microfilaments (6).

Biochemical events that follow receV:or binding include release of bound

calcium, influx of external calcium, and activation of complex pathways

involving production of arachidonate and its metabolism to produce

hydroxy-eicosatetraenoic acids, prostaglandins, and thromboxanes. Chemotaxis

is depressed by cholera toxin (7), Pbhrichia coli. enterotoxin (8), and urea

extracts of BorAteP11A ZZ•tu6Ai (9), all agents that promote formation of

cAMP in phagocyte cells. Because of the adenylate cyclase activity of EF +

PA, we hypothesized that the anthrax toxin also would inhibit chemotaxis of

EMN, an effect that could contribute to the antiphagocytic activity observed

by Keppie it al] (4). We observed instead a marked enhancenent of chemotaxis.
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Txin. The three components were prepared as described previously (1),

and reseebled previous lots in biological and cheuical properties. Stock

solutions of the toxin components were stored at -70 0 C. A. 9=tUs• I urea

extracts were prepared by the method of Ccnfer and Eaton (9).

Sb mh a~i. The agarose method of Nelson gk Al. (10) was used, with minor

modifications described previously (8), except that PWM migration was measured

from a magnified projection of the plates on the focusing screen of a

microscope camera adaptor. Results are expressed as actual migration distance

in millimeters, toward a well containing chemoattractant in the case of

directed migration, toward an opposite well containing control buffer in the

case of random migration. Agarose for Electrophoresisi manufactured by Litex,

Denmark, was used. Human peripheral blood reutroprtils (PMN were obtained by

gravity sedimentation of heparinized venous blood. The PM4 were incubated for

60 minutes at 370 C in a shaker waterbeth with toxin components. The

chemcattractant forayl-methionyl ;henylalanine (FMP) (Sigma Chemical Co.) was

used at a concentration of 1074M. Tt was dissolved in dimethylsulfoxide

and diluted 1:1000 in aqueous buffer; this avoided any effect of

dimethylsulfoxide on chemotaxis. Limited experiments in which 10-7M

fcyl-methionyl-leucyl-lphenylalanir was used as chemoettractant produced

similar effects (data not shown). Zymosan-activated serum was prepared as

described by Ward at Al. (Ui).

AM 2d o=in. RPM were obtained from normal humans by the gravity

sedimentation procedure used in chenotaxis studies-, oc by Ficoll-Hypaque

separationr dextran sedimentation, and hypatonic lysia of erythrocytes (12).

IW4 at a final ooncentration of 5x106/ml were incubated for 1 hour at

37°C with toxin components at lFg/ml, separately and in various

combinations. Cells were sedimented by centrifugation and extracted with 0.1N

5



hydrochloric acid. The extracts were acetylated and cAMP determined by

radioimmuoassay (13). Results are expressed as p moles cAMP per 5x106

RP. Similar results were obtained with the two types of call prepuration,

and combined data are presented.

6



Six experiments ,lsng MI from four dwocs are sumarized in Fig. 1.

Open bars represent directed migration and hatched bars represent random

migration. None of the omponents alone caused a significant change in either

random or directed migration. In contrast, the combinations ot EF + PA, LF +

PA, and LF + EF + PA each caused significant increases in directed migration

toward FMP. The presence of PA appeared to be an absoluts requirement since

cells treated with EF alone, LF alone, or the combination of EF and LF were

not different from controls. The effects of EF + PA and LF + PA were not

reversed by two washes of the toxin-treated PFM with Banks' balanced salt

solution prior to muasurement of chenotaxis. There was no significant change

in random migration with any of the components or comubinations.

To determine whether the enhancement of chemotaxis was specific for

chemoattractant peptides, experiments were performed using Zyimonn-activated

serum; results were similar to those obtained using FMP.

The effects on random and directed migrations of different concentrations

of PA, EF + PA, LF + PA, and EF + LF + PA were explored to determine whether

the stimulation of chemotaxis noted at 1 Pg per ml was evident over a broad

range of concentrations (Fig. 2). Stimulation of chemotaxis by the

combinations evidently reached a maximum in the range 0.3 to 1 pg per ml.

Further increase produced no change in the case of LF + PA, but appeared to

decrease the response to EF + PA and EF + LF + PA. The changes in random

migration, and the effects of PA alow, were minor and were not significant in

the more extensive experiments summarized in Fig. 1.

To determine whether the toxin components were themselves

7



2.5- M Directed migration

2.0- ~ Random migration

1.5
M IGRF AT ION

(mm) 1.0

0.5 7

0 NONE PA EF LF LF+ EF+ LF+ LF+EF
EF PA PA +PA

ANTHRAX TOXIN COMPONENTS INCUBATED WITH PMN

Fig. 1.* Directed migration (op.en bars) and randomn migration (batched bars) of

human neutrophils after treatment with anthiax toxin =oponents. Neutrophils,

5x106 ,, suspended in 1.0 ml of Hanks' balaiced salt solution contairiinq

1 Vgq/ml each of one or more anthrax toxin comp~onents were incubated for 60

minutes in a 370C waterbath shaker, then concentrated 5-fold by

centrifugation and allowed to migrate under agarose. Results are expressed as

mmI of migration from the edge of the well. The anthrax toxin cmiponents in

each PM*I preparation are showin beneath each bar. Directed migration was

significantly enhanced by 12 plus PA, EF plus PAA., and 12 plus EF plus PA (p,

<0.001).
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4 *Random o---.O Directed

3 -PA Atone r LF + PA -- -2.5
.2

I- -

MIGRATION or-.-,,, .a

(mm) 3. 'EF+PA [EF+ LF+ PA~

2-

1.5

00b.03 0.1 0.3 1 3 10 0'0.03 0.1 0.3 1 3 10

Fig. 2. Directed migration (upper curves) and random migration (lower curves)

of hum~an polymorptionuclear neutrophils incubated with a range of

concentrations of anthrax toxin components indicated in the f igure. The

ordinates are least square means of migration distances for 3 to 6 wells.

Otherwise, experimental conditions were the samne as for Fig. 1.
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chemcattractants, PMN were put in the center well and their migration toward

the outer well containing each of the anthrax toxin cmponents alone or in

combination was measured. Migration toward the toxin components did not

ew~eed random migration.

Measurements of cAMP in M treated with toxin components, alone and in

various combinatlor.s, are summarized in Table I. A concentration of 1 jg/ml

was used for each component, since this had produced maximum effects on

che•ntaxis. B. qtn•a urea extract was included as a positive control.

Only those combinations of components containing EF + PA produced

appreciable elevation of cAMP. All cAMP elevations produced by anthrax toxin

were <1% of those ptoduced by urea extract from . qeLLuwaiz.

10\



TABLE I

Effect of Anthrax Toxin and RDckt1Ja =IiA Urea

Extract on cAMP Levels in Human PM

& IQg mei

Control 3.41 + 0.27

PA 2.90 + 0.14

EF 4.37 + 0.59

L1 2.50 + 0.065

EF+PA 17.40 + 1.26

LF+PA 5.48 + 0.78

EF+LF+PA 10.10 + 4.13

B. S•eruni urea extract >2000.00

a concentration of anthrax toxin components was 1 pg/ml. Dilution

of B. =LtUag urea e-tract was 1:10.

IT
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D iu . The observed stimulation of chemotaxis (directed migration) but

not of unstJmulated random migration represents a new biological activity of

the anthrax toxin which could provide clues to the nature of its

antiphagocytic effect and its contribution to virulence of B. anthracs. The

fact that the three toxin components were purified by repeated chromatographic

procedures and approached homogeneity does not in itself eliminate the

possibility that impurities were responsible for the observed effect.

However, the absence of effects on chemotaxis by the individual toxin

ccmponents makes this unlikely.

Early observations on the nature of this toxin tended to emphasize the

requirement for cooperative action of the three components to produce lethal

and antiphagocytic effects (4, 14), although PA + EF was evidently sufficient

for production of cutaneous edema. More recent evidence has supported

separate activities of EF and LF, which may be shown to compete for the sites

of cell uptake formed by combination of PA with cell receptors (1). The

present evidence that both EF + PA and LF + PA stimulate chemotaxis again

raises the possibility that the three components act in a cooperative, or even

a synergistic manner under appropriate conditions.

Exposure of PM to EF + PA did not yield the high concentrations of cAMP

observed after similar treatment of Chinese Hamster Ovary cells (5), nor the

levels produced in PMN by B. =Ltu&Wz urea extract as reported previously (9)

and confirmed in the present work. The relatively low levels of cAMP produced

in PM were obtained at concentrations of EF + PA that produced maximum

stimulation of chemotaxis. These low levels are consistent with the absence

of inhibition of chemotaxis, but their relationship to the observed

stimulation is not yet clear. The high levels of cAMP produced by pertussis

12



extract abolished chenotaxis (9).

A possible basis for the observed stimulation of chemotaxis by the toxin

is provided by observations that relate secretory products of PMN to

modulation of chenotaxis (15, 16). The toxin may inhibit exocytosis or

respiratory burst activity, interfere with the modulation process, and allow

unrestrained chemotactic migra t ion. Whatever the medmnisu and

pathopiysiological significarne of the observed stimulation of chemotaxis,

anthrax toxin would appear to represent a usefu± rxobe for study of leukocyte

chemotaxis.

/r
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Suamrv. Effects of the three-o mponent toxin of Ra .ligg nthbrac"s on

chemotaxis of human polymorphonuclear leukocytes (PMN) were investigated in an

effort to determine the basis of the reported antiphagocytic effect of the

toxin. The three toxin components, edema factor (EF), protective antigen

(PA), and lethal factor (LF), were tested alone and in various combinations

for their effect on PMN cheotaxis under agarose to formyl •eptides and

zymosan-activated serum. No component was active alone; combinations of EF +

PA, LF + PA, and EF + LF + PA, markedly stimulated chemotaxis (directed

migration), but had little or no effect on unstimulated random migration. The

toxin omnponents were not themselves chenoattractants. EF in combination with

PA had previously been identified a3 an adenylate cyclase in Chinese Hamster

Ovary (COE) cells. We found that EF + PA produced detectable cyclic adenosine

315 '5monoph*ospthate (cAMP) in FM,, but the level of cAMP was less than 1% of

that produced in CHO cells by EF + PA, and in PMN by other bacterial adenylate

cyclases. LF + PA (which stimulated chemotaxis to an equivalent extent) had no

effect on cAMP levels. Thus, the enhancement of chemotaxis by anthrax toxin

(at least by LF + PA) does not seem to be related to adenylate cyclase

activity.

Section II. Inhit•o.gn byT zin Df the Oxdative octivityf Human

In the preceeding section it was proposed that the stimulation of

chemotaxis obeerved after treatment of human polymiorphonuclear neutrophils

(PM) with PA + EF or PA + 1F was a result of interference with the mechanisms

that normally -ja~ulate the chenotactic response. These modulative mechamisms

involve the secretory events that follow exposure of PM to a variety of

soluble or prticulate stimuli, and include release to the extracallular fluid

of substances capable of inactivating chemotactic substances, and of modifying

14



the surface pzoperties and accordingly the chemotactic and other responses of

PHN themselves. (15, 16)

hnong the most important and extensively studied of the released

substances are the components of the myeloperoxidase systemi consisting of

myeloperoxidase, hydrogen peroxide (H202) , and an oxidizable cofactor

such as halide ion. The B202 is xroduced by action of superoxide

diamutase on superoxide anion (027), which is the initial product of

I'( the respiratory burst. (17). Myeloperoxide then catalyzes oxidation of halide

ion by B202; chloride is oxidized to hypochlorite which reacts rapidly

with oxidizable substances in the ocmplex system. evidently, endogenous

amines. especially taurine, are the most active of the available receptors,

and are converted to the respective chloramines (18). Although these

substances are more stable in biological systems than 02,

13202, or BCaO, they retain the ability to oxidize aulfhydryl compounds

and thioethers and to chlorinate ammonia to yield uwnochloramine, which is

1ipophilic and therefore cytotoxic (19).

Exogenecus taurine is an efficient receptor in model systems, and its

addition in ecesa assures that the availability of endogenous amines does not

limit the reaction. Chloramines my be quantified by their oxidation of

5-thio-2 nitrobenzoic acid to the fisulfide. a change accompanied by a

readily-measured shift in abeorbance.

Quantitation of taurine chloramine formation appeared to be a suitable

method for detection of a vistulated irnhbition of oxidative activity by

toxin, because inhibition could result from an effect on any of the several

critical component steps of the overall reaction.

MateaAla im AW &.tba

Bman BE These were obtained from fresh, heparinized human blood by

Ficoll-Hypaque separation, dextran sedimentation, and hypotonic lysis of

15



erythrocytes, according to the method of Boyum (12).

9pamizad Zoan Zymesan (Sigma) was suspended at 10 mg per ml in

fresh, autologous human serum and held 30 minutes at 37 0 C with frequent

mixing. The mixture was centrifuged, and the sediment was washed twice with

Hanks' Balanced salt solution and resuspended at the original concentration.

oination Df rh ineFormaion The method of Weiss et al. (18)

was used with minor modifications for study of the effect of anthrax toxin on

oxidative activity. The mixtuzes containing 2.5xi06 pM, toxin conponents

in the concentrations indicated, and Dulbecco's phosphate buffered saline to a

1 ml volume were incubated at 370 C in the shaker water broth for the

indicated time, after which 50 P1 of 2.0 M taurine and 40Oi of the opsonized

zymosan were added. After incubation for 60 minutes at 370 C, 10PI of

lIm/m1 catalase solution was added and the reaction mixtures were centrift,7ed.

Chloramine in the supernatant was determined by its ability to oxidize

5-thio-2 nitrobenzoic acid (7E) to 5,5' dithiobis (2 nitrobenzoic acid)

(DWlB). 7B was prepared by reduction of DW (Sigma Chemical Co.) with

cysteine, and determined by measurement of absorption at 412nm (extinction

coeffi.cient = 1.36x 104M-icm-I). The addition of catalase at the

end of the reaction period prevented slw oxidation of TB by residual

H202(20). Results were expressed in terms of nanamoles of TB reduced

per 106PM; reasurements of effects of toxin on PM are expressed in

relationship to mean values obtained in control mixtures without anthrax

toxin. The control values varied somewhat in experiments carried out with

different donors on different days.

Results Exploratory experiments revealed that prior incubation of PMN with PA

+ EF or PA + LF caused inhibition of oxidant formation after the cells were

activated by the addition of opsonized zymosan. Experiments were carried out

to determine optimum conditions for this reaction. Typical results of

16



experiments an the timm of incubation of PI + toxin are swunrized in Fig. 3,

and of concentration of toxin in Fig. 4. At the oncentratic.-s studied it is

evident that a large part of the inhibitory effect of PA and EF was produced

within 30 minutes, whereas the effect of PA + LF was not detectable after 30

minutes, and indeed increased considerably between 60 and 120 minutes. An

incubation time of 60 minutes was adequate for the seonei incubation after

addition of zymosan; incubation for shorter periods producd less oxidant,

although the degree of inhibition did not change appreciably.

The individual components had no effect on oxidant formation when initial

incubation time was short, but increased oxidant formation at 120 minutes.

The effects were +17% ior PA, +32% for EF; and +49% for LF. These effects

have not been studied in detail, and it is not clear whether they represent

effects of the toxin oanpgnents or of Contaminants. In any event, the effects

are antagonistic to the inhibition observed with PA + EF and PA + LF. Had the

stimulative effects of the single omnponrnt not been present,

17
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20
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INCUBATION TIME-MINUTES

Fig. 3. Effect of time of incubation of neutrophils with toxin on the degree

of inhibition of chlocamine formation after subsequent stimulation with

opsonizLd zymosan. Incubation was carried out at 370C with gentle

shaking. Results with PA + EF are desigated by open circles (mean of 3

experiments). All toxin conponents were present at lpg per Al.
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Fig. 4. Effect of concentration of each toxin omponent on degree of

inhibition of chloramine formation by human neuophils after subseqLvnt

stinulation with opeonized zymosn. Results with PA + EF are designated by

circles, those with PA + LF by squares. Open characters represent 60-minute

incubation at 37 0 C, filled characters 120-minute incubation.
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presumably the inhibitory effects of the combinations would have been greater

than were observed.

Addition of 0.1mg per ml of superoxide dismutase immediately prior to

addition of zymosan increased modcrately the formation of oxidant in control

mixtures without toxin, but did not alter the percent inhibition produced by

toxin treatment. Addition of 0.01 mg per ml of catala.• prior to addition of

zymosan reduced oxidant formation in control mixture by approximately 40%; the

inhibition by toxin was unchanged.

Removal of supernatant fluid from mixtures of toxin and PMN buspenslon

after incubation at 370 C for 30 minutes, followed by resuspension in fresh

buffer and reincubation for 90 minutes gave inhibition of oxidant formation

equivalent to uninterrrupted incubation for 120 minutes; this provides

evidence that inhibition involves a relatively slow reaction after the toxin

combines with PMN.

The inhibition of chloramine formation observed after treatment of PMN

with anthrax toxin provides a possible explanation for the stimulation of

chemotaxis reported in Section I of this report. Of even greater interest is

the prospect that it may explain the antibactericidal and virulence-enhancing

activities of the toxin. The myeloperoxide (MM) system, on which dcloramine

foimation depends, is regarded as a critical weapon in the anzamentarium of

the neutrophil (21); an ability to inhibit the MMO system could account for

the critical role of anthrax toxin in virulence of anithracis.

The MF0 system requires halide, hydrogen peroxide, and myeloperoxidase;

in theory, the toxin coponents could act to prevent elaboration, inhibit

activity, or stimulate inactivation of any of these components. The

observaticn that addition of an excess of supezoxide dismutase did not

over -e the inhibition suggests that toxin did not prevent normal functioning

20



of this enzyme. Lffccts are in progress to determine in which cxmponent of

the overall reaction the effects of toxin are euerte•.

21
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Section III. Differential Sensitivity of Target Cells t- Adenylate Cyclases

of Rar-il athranis and Drgektl~A ZgUgigiz.

BordeteJj. A rt•ussi ant BaIlIng anthranig, while taxoncmically

unrelated, produce novel adenylate cyclase (AC) toxins which are

calnxdulin-activated and exert their toxic effects by entering target cells

and producing cAMP from endogenous AMP. Although the mechanisn of cell entry

is as yet uinown, we have noted that all cells are not equally sensitive to

intoxication by these toxins. Mammalian cells were exposed to B. rrtigig

extract containing AC toxin activity, or purified B. anthra AC, (?A + EF)

at maximal concentrations for 1 hour at 370 C.

Intracellular cAMP was extracted and measured by autcmated RIA.

Target Cells: cAMP (pmol/mg target cell proc.)

CHO S49 PMN EL-4

Basal 33 ± 4.8 7.5 £ 0.7 10 ± 1.0 2.4 *-0.2

extract 14f360 + 3,570 12,140 + 870 >10,000 70 + 7.5

EF + PA 11,500 +900 212 +44 52 + 4.0 15.8 + 0.4

Chinese Hamster Ovary (CHO) cells were sensitive to both toxins, while

S49 lyvpbArw cells and human neutrophils (m4t) were markedly =re sensitive to

B. Rgrtus±i AC toxin. EL-4 lymphocyte line was Zelativ-,Iy insensitive to

both. The effect of these toxins on human monocyte function suggests similar

differential sensitivity to that seen with PMN. The differencer denonstiated

here may reflect cellular differences in surface receptors or intracellular

processing of these toxins and will facilitate further study of the uptake

mechanism.
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